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UNDERSTANDING CROP GROWTH ON DUPLEX SOILS 
1. IMPEDED EARLY ROOT GROWTH 
Trial number: 88EB18 
File number: 5811EX 
Officers: M. Dracup, R.K. Belford, D. Tennant, P. Simpson, 
E. Harvey, R. Thompson (WADA) 
P. Gregory, S. Micin (CSIRO) 
BACKGROUND 
A joint WADA/CSIRO research effort is defining the physical, chemical and biological constraints to crop 
growth on duplex soil. With this information we will devise management practices to overcome the 
constraints. Currently research is focused on a duplex soil site at the East Beverley research annex. 
Using aerial photography and crop growth data from previous seasons we identified areas on the site where 
crops grow well or poorly. One of the factors implicated in the poor growth areas is impeded early root 
growth (see Belford et al. and Tennant et at., 1990 Experimental Summaries, this section). Here we describe 
the problem and outline possible causes. 
METHODS 
In 1990 'good' and 'poor' areas were selected in lupin and wheat crops. These selections were based on wheat 
growth data from 1988 and 1989 and the areas were situated on nutrients and lime (NL) treatment strips (see 
Belford et al., 1990 Experimental Summaries, this section). 
Bulk density and soil moisture were determined from horizontal cores in each area at 3, 8, 13, 18, 23 and 28 
cm. Soil was also sampled in 5 cm increments for analysis of pH, EC, particle sizes, nutrients, anion and 
cation exchange capacity and moisture retention characteristics. Soil strength was determined using a 
penetrometer (Rimik) which recorded resistance at 1.5 cm intervals. Different soil moisture regimes were 
obtained by taking measurements throughout the season. Perched watertables were monitored using 
piezometers inserted to 50 cm. 
At intervals of up to 7 days about 15 plants (with roots) and another 20 plant tops (separated at the root/shoot 
junction) were removed from each area. Roots were quantitatively removed in situ by washing away sand 
from a face of  each of the 3 random holes in each area; about 5 plants were removed at each hole. 
Six weeks after sowing, roots were also sampled in vertical cores. The cores were removed by pressing an 
open ended steel box (20 cm by 18 cm) into the soil as far as the clay. One side was attached with rivets so it 
could be removed and the cores were sliced into 5 cm sections; roots were then washed out using 2 mm sieves. 
Root depth was measured while washing roots out in situ and root length was determined using the intercept 
method. Green area was determined using a Li-Cor area meter. 
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RESULTS 
Lupin root growth 
Lupin roots grew at about 1 cm/day but in the 'poor' area growth was restricted at depths below 15 cm while in 
the 'good' area growth only slowed as roots approached the clay interface at 29 cm (Figure 1). This resulted in 
small differences in the distribution of roots down the profile being apparent within 6 weeks (Figure 2). Roots 
were more prolific below 15 cm in the 'good' area than in 'poor' area and conversely, were less prolific above 
15 cm in the 'good' than in the 'poor' area. Total root length was about 20% less in the 'poor' area. However, 
these differences in root length and distribution had no appreciable affect on growth or nutrition. 
Nevertheless, Mn concentrations in tops were 2 times higher in the 'good' area but this may be associated with 
soil fertility rather than differences in root growth. Lupins from both areas had low concentrations of  both K 
(2.6-3%) and B (20 ppm). 
Despite differences in total root length, root weights were similar, probably due to the thickening of the roots 
in the 'poor' area. Roots accounted for 45% of  the dry matter at 6 weeks. 
Wheat root growth 
In contrast to lupin, growth of wheat roots in both areas was restricted below 15 cm, although this was less 
pronounced with roots in the 'good' area (Figure 3). However, despite only small differences in penetration, as 
with lupin, small differences in root distribution were apparent by 6 weeks (Figure 4). Again roots tended to 
be more shallow in the 'poor' area and there was no appreciable effect on tops growth or nutrition. But unlike 
lupin, root lengths were similar. 
Root weights were similar and accounted for 30% of the total dry weight at 6 weeks. 
Soil conditions 
a) Physical properties. 
In all areas, bulk density and soil strength at the depth of root restriction was high: Bulk density was 1.8 
g/cubic cm and penetrometer resistance was about 2 MPa. High soil strengths were not due to a distinct hard 
pan but resulted from a general increase in strength with depth. Penetrometer resistance increased as soil 
moisture decreased and the relationship differed slightly between areas. Nevertheless, penetrometer resistance 
was similar in 'good' and 'poor' areas at the soil moisture conditions existing over the first 6 weeks. Slight 
differences in the relationship between penetrometer resistance and soil moisture could arise from textural 
differences; the sand layer has 1% clay in the 'poor' areas and 3% clay in the 'good' areas. 
The high bulk densities and penetrometer resistances suggest root penetration would be problematical, 
however there are no clear differences between the areas. More precise measurements are needed of resistance 
of the sand to deformation, allowing the passage of roots. We hope to use a shear vane for this purpose. 
Alternatively there may be differences in the macro-porosity which would allow root growth without 
deforming sand. This is being examined using hydraulic conductivity techniques and, resources permitting, 
the more accurate method of  analysing thin sections of the sand. 
b) Nutrient deficiencies/toxicities 
An extensive survey of nutrients, particularly at the depth of root restriction was undertaken. pH (0.005 M 
KC1) was about 4.7 and Al (0.005 M KC1) was higher in 'poor' areas (7.3 uM) than 'good' areas (3.1 uM) but 
Al:Na ratios were less than 0.2 suggesting the activity of Al is unlikely to be inhibitory. Electrical 
conductivity was uniformly low (less than 30 uS/cm in 1:5 water extract) and Na (0.005 M KC1) was less than 
100 uM. Glasshouse experiments are needed to determine whether the Al levels are inhibitory to root growth. 
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c) Waterlogging 
Although 'poor' areas tend to have a higher watertable than 'good' areas, watertables remained below the clay 
(i.e. about 30 cm) during the first 6 weeks. Thus watertables could not account for poor root growth which 
appeared within 3 weeks. Furthermore, oxygen remained at the saturated level of  20% of the volume of  soil 
gases throughout (Glenn and Setter (UWA), pers comm). 
d) Disease 
The incidence of root diseases on the site is low and no nematodes were found in the distorted roots. 
CONCLUSIONS 
Root penetration of  the sand varies on the duplex soil site. Restricted root exploration will affect nutrient 
acquisition, particularly of  relatively immobile nutrients such as P and of  very mobile nutrients such as nitrate 
since it will be readily leached below the root zone. Slowed downward penetration of roots will also restrict 
the final depth of the roots and thus susceptibility of the plant to spring drought. 
Poor early root growth appears to be due to the tightness of the sand. With the high bulk density and soil 
strength, soil deformation by roots will be restricted, but possibly to different degrees depending on the 
geometry of particle packing and the nature of the soil particles. Variable root growth may also be due to 
macropores which enable roots to grow without displacing soil: Sand with a higher proportion of clay may 
support a more extensive network of channels. 
High exchangeable Al concentrations in 'poor' areas and a general deficiency of boron may also be inhibiting 
root growth. 
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UNDERSTANDING SOIL AND CROP VARIABILITY ON DUPLEX SOILS 
2. Growth and yield of wheat and lupin crops at East Beverley 
TRIAL NUMBER: 88EB18 
FILE NUMBER: 5811 
EXOFFICERS: R.K. Belford, M. Dracup, D. Tennant, 
E. Harvey, R. Thompson, M. Barr (WADA), 
with P. Gregory and N. Venn (CSIRO) 
AIMS: 
To measure the growth and yield of  wheat and lupin crops in relation to waterlogging and other soil factors on 
the Duplex soil at East Beverley. 
BACKGROUND: 
Crop yields on duplex soils are lower than the potential based on growing season rainfall, particularly in wet 
years; there is also considerable variation in growth within paddocks. The research effort aims to minimize the 
within-crop variability and raise yields, and is concentrated in the medium rainfall area. 
Problems identified in 1988 and 1989 include: 
1. Fertility: low nutrient status generally, but the site is deficient in Copper and Potassium (and 
possibly Boron); pH values in the sand are very low (approx 4.5-5.0) in some parts of the 
paddock. There is no evidence of salinity. 
2. Early growth: there have been large differences across the site in early root and shoot growth 
of wheat and lupins. At this stage, differences appear related to texture, cementing and 
porosity of  the sand layer, and NOT to the more obvious factors of waterlogging, disease, or 
the strength of the sand. However, restrictions to early root growth have not always been 
reflected in crop growth and final yield (see M. Dracup Experimental Summaries, this 
section). 
3. Permeability of the clay subsoil varies widely and unpredictably from point to point, but is 
generally higher at the higher yielding part of the site than at the low yielding areas. 
Permeability has large effects on infiltration/waterlogging, and on root growth into, and water 
extraction from the subsoil (see D. Tennant Experimental Summaries, this section). 
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METHODS: 
Site: 
Duplex soil at East Beverley Research Annex. The site was originally mapped as uniform apart from a variable 
depth of sand over clay, but is now known to be quite variable in terms of  fertility and texture in the sand 
horizon, gravel content and distribution, and subsoil texture, structure and permeability. Annual and growing 
season rainfalls at the site are 380 and 300 mm respectively. 
Treatments: 
In 1990, the site was split into 10 m wide N-S strips, each treated with a different combination of  nutrition and 
cultivation over the length o f  the experimental site, to address the problems listed above. 
Treatments were: 
1. District practise (DP): super (150 kg/ha), N (wheat only) 
2. Nutrients (N): Cu-Zn-Mo super (150 kg/ha), potash (150 kg/ha), N (wheat only) 
3. Nutrients, Lime (NL): as 2, plus lime (2 Oa) 
4. Nutrients, Lime, Ripping (NLR): as 3, plus deep ripping to just above the clay to break up the 
sand and assist early root growth 
5. Nutrients, Lime, Ripping, Gypsum (NLRG): as 4, plus Gypsum (5 t/ha) applied just above the 
clay (Gc) to flocculate the clay and improve permeability to water and roots; or to the surface 
(Gs). These treatments may not be effective in the first year after application. 
Agronomy: 
15 March 
28 March 
11 April 
20 April 
18 May 
25 May 
26 May 
30 May 
31 May 
1 June 
13 June 
20 June 
17 July 
13 Nov 
20 Nov 
Gypsum applied 
Deep ripping 
Potash applied, Lime applied 
Roundup 0.5 1/ha 
Sprayseed 1.5 I/ha 
Cultivation (to 6 cm), Lupins cv Gungurru seeded at 86 kg/ha, 
Simazine 2.0 1/ha to lupin areas 
Wheat cv Kuhn seeded at 49 kg/ha, Super applied 
Urea applied (108 kg/ha) 
Lupins seeded on wet part of deep ripped area 
Wheat seeded on wet part of deep ripped area 
Hoegrass 1.5 Vha plus wetter on wheat 
Fusilade 250 ml/ha on lupins 
Brodal 250 ml/ha and Hoegrass 1.5 1/ha Urea application to wheat 
Wheat harvest 
Lupin harvest 
RESULTS: 
Rainfall, perched water tables and waterlogging:For the third season in succession, growing season rainfall 
was below average. However, the annual rainfall was above average because of the heavy summer rainfall 
(Table 1). Heavy rainfall in May made seeding the deep ripped plots difficult, and part of the ripped area was 
therefore sown later. 
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Table 1 - Rainfall at East Beverley Annex, 1990 
Month Long-term 
average (mm) 
1990 
rainfall mm) 
Jan 8.6 108.8 
Feb 13.7 21.7 
Mar 13.3 29.5 
April 24.4 38.3 
May 50.6 65.9 
June 68.9 36.7 
July 70.2 67.0 
Aug 51.7 32.7 
Sept 34.7 21.0 
Oct 22.8 28.3 
Nov 16.3 0.9 
Dec 6.8 0.0 
Growing season 299 252 
(May - October) 
Annual total 382 451 
Water tables, measured in shallow piezometers, rose above 30 cm only in late July, and only on the wetter 
parts of the site. There was a poor correlation between grain yields at the 72 piezometer positions, and mean 
water table height at the same positions.Mean temperatures were similar to those in 1989, but there were more 
cold nights in autumn and winter, and more hot days in spring than in the previous year. 
Crop Growth: 
Wheat grew much more vigorously than lupins in 1990 (Fig 1), and produced more biomass and higher grain 
yields on all treatments. Reasons for this are not clear, but may be related to 1) low minimum temperatures in 
autumn and winter which restricted biomass accumulation in lupins, and 2) higher maximum temperatures in 
spring which affected lupin seed survival and grain growth. Although little is known of  the lupin crop's 
tolerance of temperature extremes, it may be more sensitive than wheat to minima below 4°C, and maxima 
above 20°C. 
Figure 2 shows dry matter production of  wheat and lupins to compare treatments that were sown at the same 
time. For lupins (Fig 2a), the district practise (DP) and nutrient plus lime (NL) treatments produced much less 
dry matter than the other treatments. This implies that the addition of lime without any deep mechanical 
disturbance of theprofile raised pH in the sand enough to inhibit root and shoot growth of lupins; soil samples 
to determine pH were taken, but analyses have not yet been completed. For wheat (Fig 2b), the district practise 
(DP) treatment was poorer than all other treatments, but there were only small differences in growth between 
the ameliorative treatments. 
Cropscan estimate of biomass: 
In 1990, estimates of biomass were made using a Cropscan multispectral radiometer. This instrument, 
purchased with funds from the Wheat Research Committee of Western Australia, measures reflected radiation 
in 8 wavebands covering the visible and near-infra red regions of the spectrum (500 - 850 nm). The radiometer 
is connected to an A/D converter, and data is stored on a portable computer. The whole instrument is easily 
carried by one person, and measurements of spectra at any point can be made in a few seconds. 
Using the instrument early in the season showed that the reflectance profiles clearly discriminated between soil 
and crop (Fig 3), an important point in W.A. where ground cover is low for long periods in the growing 
season. Subsequent data analysis has shown good correlations between biomass and spectral data expressed as 
the ratio of 850/650 reflectances. This was true for both wheat and lupins, at a range o f  growth stages up to 
anthesis in wheat (Fig 4). Above green area indices of about 2.5, the crop canopy is almost complete, and the 
reflectance signals become less sensitive to increasing biomass. 
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This instrument provides us with a valuable tool to measure crop biomass over large sites. This is clearly 
useful in this study to look at crop variability, but will also be valuable in breeding trials where large numbers 
of plots have to be measured. Further work with the instrument is planned in 1991. 
Grain Yields: 
Machine harvested yields of both wheat and lupins were higher for all the manipulative treatments than on the 
district practise treatment (Table 2). Comparison of the manipulative treatments is complicated by delayed 
sowing on parts of  the deep ripped plots, particularly for wheat, and the underlying variability both across and 
between plots on the site. Nonetheless, it is clear that the largest incremental benefit to yield came from 
improving the basic fertility of the site, with lesser gains in 1990 from ripping and gypsum application. 
Table 2. Grain yields (t/ha) at East Beverley, 1990: 
Figures are derived from 4 cuts per plot for all treatments, except for the NLRG treatment which is two cuts 
per plot. 
Treatment Lupin Wheat 
Grain 
Yield 
CV(%) Grain 
Yield 
CV(%) 
DP 1.12 39 2.64 35 
N 1.61 23 3.20 26 
NL 1.26 30 3.46 22 
NLR 1.38 39 3.05 13 
NLRG 1.54 4 3.78 23 
Yield components for wheat are shown in Table 3. For all treatments with additional nutrients, yield increases 
are related to larger numbers of grains per ear, and not to ear numbers or individual grain weights. This is 
consistent with better nutrition o f  the crop after terminal spikelet formation. Variability within the plots was 
also lower for the manipulative treatments than for the district practise, as shown by the coefficients of 
variation in Table 3. 
Table 3. Hand harvested yield and yield components for wheat cv. Kuhn at East Beverley, 1990. 
Treatment Total DM 
g/m2 
Grain 
g/m2 
Dm 
CV 
Ears 
/m2 
Grains 
/ear 
1000 
grain 
wt(g) 
DP 676 264 35 251 37.0 28.4 
N 911 320 26 266 45.0 26.7 
NL 806 346 22 233 47.0 31.6 
NLR 846 305 13 251 44.0 27.6 
NLRG(c)* 859 378 - 263 49.0 29.4 
NLRG(s)* 1011 359 269 48.7 27.4 
* - based on two samples per treatment; all other treatments based on five samples. 
Hand harvested yields from the lupin treatments are shown in Table 4. Yield components for all treatments are 
not available. However, although the crop on the DP treatment produced more pods than that on the 1989 crop 
(643 vs 532 per m2), there were fewer seeds per pod (2.1 vs 2.9), and individual seeds were lighter (118 vs 147 
mg), which suggests that the stress experienced by the crop during hot days in September and October in 1990 
may have interfered with ovule survival and seed growth. 
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Table 4. Hand harvested yields for lupins cv. Gungurru at East Beverley, 1990. 
Treatment Total DM 
g/m2 
Grain DM 
g/m2 
1000 
seed 
wt(g) 
CV (%) 
grain 
yield 
DP 407 114 114 39 
N 557 161 120 23 
NL 452 126 114 30 
NLR 496 138 118 39 
NLRGc* 561 154 124 
NLRGs* 439 128 110 
* derived from two samples per plot: all other treatments were derived from five samples per plot. 
DISCUSSION: 
For wheat, it is clear that the manipulative treatments raised yields and appeared to reduce variability in yield 
across the site, which were two of the major objectives of this work. For lupins, yields were more variable; 
although the manipulative treatments increased yield above that in the district practise treatment, it is possible 
that the addition of lime restricted the yield increase to less than that for the comparable treatment without 
lime. If lupin yields are acceptable on these soils mainly because of  their tolerance of the acid sand which 
overlies the neutral-alkaline clay, then liming could limit the potential of these soils to grow lupins in the 
future. 
However, addressing the basic question of getting the fertility of these soils right offers the prospect of getting 
higher yields in the future. This, in combination with good agronomy such as early sowing to minimize 
waterlogging damage and raise yield potential, the correct choice of variety, and high and split levels of 
nitrogen on wheat, is likely to give economic returns when cropping these soils. The manipulative treatments 
of ripping, and gypsum application did not show any further increases in yield in 1990, but may have benefits 
in future years if gypsum increases subsoil permeability. 
FUTURE WORK: 
The Beverley site will be sown to pasture in 1991 to control herbicide resistant ryegrass which is becoming a 
becoming a problem. An additional trial to look at the potassium and boron requirements of lupin in relation to 
lime will also be carried out on the site. Work will start on other sites in the Narrogin and Katanning areas, to 
see if the problems and solutions identified on this duplex soil at East Beverley are applicable elsewhere. 
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UNDERSTANDING CROP VARIABILITY ONDUPLEX SOILS 
3. Water Use and Water Use Efficiency of Wheat and Lupins at East Beverley 
TRIAL NUMBER: 88EB18 
FILE NUMBER: 5811 EX 
OFFICERS: D. Tennant, R.K. Belford, M. Dracup, 
R. Thonpson, M. Barr and E. Harvey (WA.D.A.) 
P. Gregory and N. Venn (CSIRO) 
BACKGROUND 
In preliminary work in 1988, growth and yield of wheat on a duplex soil at East Beverley were shown to vary 
significantley.. Work aimed at explaining thes variability has focussed on low site fertiltiy, restricted root 
growth in the surface sand horizon (0 to 35cm) and variable permeability of the sub-surface clay horizon 
(Below 35cm). Treatments were applied in1990 to correct nutrient deficiencies, to improve root growth 
through the sand and to improve the permeability of the clay, (see Belford et.al.. Experimental summary, this 
section, for details). 
Based on observations made in 1988 and 1989, poor and good crop growth areas were identified. Several 
studies were undertaken on these areas to identify constraints to crop growth and to measure responces to 
ameliorative treatments. this reprot describes results of soil water measurements made to describe: 
1. Water infiltration and water extraction patterns of wheat and lupins at poor and good growth 
areas. 
2. Water use and water use efficiencies of  wheat and lupins at poor and good growth areas. 
3. Effects of treatments used to improve root penetration in the sand (Deep ripping) and to 
improve the permeability of the clay (Deep ripping and deep placement of gypsum) on water 
infiltration, extraction and use. 
RESULTS 
Water infiltration and extraction 
Depths of water infiltration and extraciton reflected the permeability of the sub-surface clay horizon to water 
and roots. Poor growth was generally associated with poor permeability of the clay. Depths of water 
infiltration and extraction rarely exceeded 50cm in poor growth areas and was usually limited to 40cm. In 
good growth areas water infiltrated to 70cm and beyond, to a maximum of 120cm. Consequently, there was 
more water stored at planting (Table 2) and better post-anthesis water supply during grain filling (Table 1) at 
good than poor growht areas. 
Characteristically, crops on duplex soils with impermeable sub-surface clays experience rapid spring 
droughting in the bsence of  significant finishing rains. By being available at a later stage of the growing 
season, deeper supplies of soil water can reduce the severity of this droughting. Any strategy which allows 
even partial penetration of the clay will benefit the crop. 
Water use and water use efficiencies of wheat and lupins. 
Consequent to greater soil water storage at planting, water use and yields of both wheat and lupins were higher 
at the good than poor growth areas (Table 2). with both species, water use efficiencies were higher at good 
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than poor growth areas. Some in,teraction with a more favourable soil environment or with better post 
anthesis water supply (Table 1) is indicated. 
The water use efficiencies o f  wheat (Table 1) were higher in 1990 than 1989, reflecting yield grains from 
correction of  nutrient deficiencies observed in 1989 (see R. Belford, Experimental summary, this section). In 
contrast lupin growth and yields were poorer than in 1989 and were reflected in low water use efficiencies. 
some explanation is possible in terms of  low temperatures experienced during early growth and a few days of 
high temperatures during grain filling, in 1990. Preliminary data indicate higher vapour pressure deficits 
during vegetative growth in 1990 than 1989 which can translate to lower transpiration efficiencies Each of 
these observations need further investigation. 
The data of  Tables 1 and 2 suggest that lupins are able to extract more soil water than wheat. the more likely 
explanation is that the soil at the spatially seperated unreplicated areas of study were more favourable in the 
lupin than wheat experiment areas. 
Effects of  deep ripping and deep placement of gypsum on water infiltration, extraction and use. 
Data for the nutrients and lime (NL), nutrients, lime and ripping (NLR) and nutrients, lime, ripping and 
gypsum (NLRG) treatments are shown for lupins (Table 3) and wheat (Table 4) for poor and good growth 
areas. Only the poor growth area data are discussed here as seeding problems were encountered after ripping 
at the good growth areas of both species. 
With both species, more water was stored in the soil after ripping for the NLR and NLRG treatments (subtract 
163mm of  sowing to harvest rainfall from water use values). Given the variabliity of the data, it is unlikely 
that these differences are significant. However, the trend appears consistent. With the lupins, this is translated 
to higher yields and better water use efficiencies. Also, root distribution data (see M. Dracup, Experimental 
summaries, this section) show faster early root penetraiton, deeper root penetration and higher root densities at 
depth after ripping with both wheat and lupins.. Water extraction after anthesis (Table 5) shows more water 
extraction below 35cm depths after ripping with both wheat and lupins. Again the differences are slight but 
the trends are consistent. 
The deep gypsum placement and deep ripping treatments gave similar results. Effects of gypsum placement 
on the permeability of  the sub-surface clay are not expected in the short term. 
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Table 1: Post-anthesis water extraction by wheat and lupins at poor and good growth areas. (mm) 
0-35cm 
Depth of  profile 
35-140cm 0-140cm 
Wheat 
Poor growth area 34.3 16.9 51.2 
Good growth area 23.8 36.5 60.2 
Lupin 
Poor growth area 38.9 8.1 47.0 
Good growth area 23.3 52.0 75.3 
Data show water extraction between 4/9/90 and 13/11/90 for the nutrients and lime treatment. 
Table 2: Crop water use, yields and water use efficiencies for wheat and lupins at poor and good growth 
areas. 
Water use 
(mm) 
Yield 
(kg/ha) 
WUE 
(kg/ha/mm) 
Wheat 
Poor growth area 225 2821 12.5 
Good growth area 247 3836 15.5 
Lupin 
Poor growth area 243 1099 4.5 
Good growth area 291 1527 5.2 
To calcultate soil water storage at planting subtract 163mm (sowing to harvest rainfall) from water use values. 
Data are from the nutrients and lime treatment. Water use data are means from 11 access tubes. 
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Table 3: Effect of  deep ripping and deep gypsum placement on water use, yield and water use efficiency 
of wheat at poor and good growth areas. 
Treatment Water use 
(mm) 
Yield 
(kg/ha) 
WUE 
(kg/ha/mm) 
Poor growth area: 
Nutrients + lime 226 2821 12.5 
Nutrients + lime + ripping 238 2720 11.4 
Nutrients + lime + ripping + gypsum 235 3148 13.4 
Good growth area: 
Nutrients + lime 243 3836 15.8 
Nutrients + lime + ripping 256 3469 13.6 
Nutrients + lime + ripping + gypsum 251 4405 17.5 
Table 4: Effect of  deep ripping and deep gypsum placement on water use, yield and water use efficiency 
of lupin at poor and good crop growth areas. 
Treatment Water use 
(mm) 
Yield 
(kg/ha) 
WUE 
(kg/ha/mm) 
Poor growth area: 
Nutrients + lime 236 1099 4.8 
Nutrients + lime + ripping 255 1735 6.8 
Nutrients + lime + ripping + gypsum 253 1504 6.0 
Good growth area: 
Nutrients + lime 293 1527 5.2 
Nutrients + lime + ripping 271 1215 4.5 
Nutrients + lime + ripping + gypsum 257 1583 6.2 
56 
Treatments 
0-35cm , 
Depth of profile 
35-75cm 0-75cm 
Wheat 
Nutrients + lime 25.7 o 25.7 
Nutrients + lime + ripping 26.7 5.7 32.4 
Nutrients + lime + ripping + gypsum 29.5 12.2 41.7 
Lupins 
Nutrients + lime 23.8 3.4 27.2 
Nutrients + lime + ripping 19.8 15.9 33.4 
Nutrients + lime + ripping + gypsum 20.1 13.8 35.8 
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